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Abstract 
We evaluate the topographic evolution of the southwestern Alps using Eocene to Pleistocene 
pollen data combined with existing sedimentological, petrographic and detrital geo- and 
thermochronological data. We report 32 new pollen analyses from 10 sites completed by an 
existing dataset of 83 samples from 14 localities situated across the southwestern Alps, 
including both the pro- and the retro-foreland basins. The presence of microthermic tree 
pollen (mainly Abies, Picea) indicates that this part of the mountain belt attained elevations 
over 1900 m as early as the Oligocene. Inferred rapid surface uplift during the mid-Oligocene 
coincided with a previously documented brief phase of rapid erosional exhumation, when 
maximum erosion rates may have reached values of up to 1.5-2 km/Myr. Slower long-term 
average exhumation rates of ~0.3 km/Myr since the Late Oligocene helped maintaining the 
high Alpine topography of the southwestern Alps until today. The relative abundances of 
meso-microthermic tree pollen (Cathaya, Cedrus and Tsuga) and microthermic tree pollen 
(Abies, Picea) in the pro- and retro-foreland basin deposits, indicate that the present-day 
asymmetric topography, with a relatively gentle western flank and steeper eastern flank, was 
established early in the southwestern Alps, at least since the Early Miocene, and possibly 
since the Oligocene or Late Eocene. Therefore, the high topography and asymmetric 
morphology of this part of the Alps has been maintained throughout the past ~30 Ma. 
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1. Introduction 
The topography of mountain belts reflects the combined effects and feedback relationships 
of tectonic processes, which cause crustal thickening and surface uplift, and of climatically 
modulated surface processes, which create relief and tend to wear down mountainous 
topography (Willett, 1999; Whipple, 2009). Climate, in particular the amount, type and 
temporal distribution of precipitation, exerts a first-order control on weathering and erosion. 
The associated exhumation of rocks and mass redistribution at the surface influence the stress 
state and thermal structure of an orogen as part of the feedbacks within the system (Beaumont 
et al., 1992; Willett, 1999; Whipple and Meade, 2006). Different mechanisms have been 
proposed to explain the present-day topography and exhumation patterns of the European 
Alps, including crustal tectonics (Persaud and Pfiffner, 2004; Lardeaux et al., 2006), deep-
seated geodynamic processes (Lyon-Caen and Molnar, 1989; Sinclair, 1997a; Lippitsch et al., 
2003; Kuhlemann, 2007; Baran et al., 2014) or climatically induced processes. In particular 
the spatial coincidence of the highest rock-uplift rates in areas of the largest relief and the 
most deeply incised glacial valleys suggest that a significant part of the currently observed 
surface uplift is driven by the isostatic response to Quaternary glacial erosion of the mountain 
belt (Schlunegger and Hinderer, 2001; Champagnac et al., 2007; Vernon et al., 2009).  
The tectonic record within the interior of the belt suggests a complex evolution with an 
exhumation signal that varies strongly both spatially and temporally (Garzanti and Malusà, 
2008; Morag et al., 2008; Glotzbach et al., 2009; Jourdan et al., 2013). In particular, the 
exhumation history of the internal zones of the Alps, characterized by an Alpine metamorphic 
overprint, contrasts strongly with that of the external massifs (Vernon et al., 2008; Beucher et 
al., 2012). This evolution, however, appears smoothed in the regional detrital record, leading 
to an apparent constancy of exhumation rates recorded by detrital thermochronology data 
(Bernet et al., 2001, 2009; Glotzbach et al., 2011; Bernet, 2013). 
Initial subaerial exposure and erosional exhumation of the internal zones of the Western 
Alps may have occurred during the climax of collision and major backthrusting of the internal 
zones at ~30 Ma (Fügenshuh and Schmid, 2003; Tricart et al., 2006) as well as overfilling of 
the peripheral foreland basins (Sinclair, 1997b; Ford et al., 1999; Pfiffner et al., 2002; Ford 
and Lickorish, 2004; Jourdan et al., 2012; Schwartz et al., 2012). A second major event took 
place during Early Miocene times, when extensional reactivation of the Oligocene frontal 
thrust (Penninic thrust) led to a shift in the locus of maximum surface uplift from the internal 
to the external zones of the western Alps (Sue et al., 2007; Tricart et al., 2007). Surface uplift 
of the external crystalline massifs since this time (Leloup et al., 2005) led to drainage 
reorganisation from a radial to the present longitudinal pattern and thus influenced sediment 
routing systems (Schlunegger et al., 1998; Kühni and Pfiffner, 2001). 
We address two key questions: (1) What have been the magnitude and tempo of the 
elevation changes in the past? (2) Since when has the Alpine topography been comparable to 
the present-day?  
Our reconstruction of the topography of the southwestern Alps since the onset of collision 
in the Late Eocene is based on the record of synorogenic pro- and retro-foreland basin (sensu 
Naylor and Sinclair, 2008) deposits of the southwestern part of the belt. We use pollen 
analyses from Eocene and younger sediments coupled with previously published 
sedimentological, petrological, geochemical and geo-thermochronological sediment 
provenance and exhumation-rate data (Grosjean et al., 2012; Jourdan et al., 2012, 2013; 
Schwartz et al., 2012). We focus on two key phases, the Early Oligocene (~34-28 Ma), when 
collisional tectonics affected the entire mountain belt, and the Miocene (23.5-5.3 Ma), when 
major decoupling occurred between the external and internal zones along the Penninic front. 
The depositional age of the studied units is based on published biostratigraphic data and on 
climatostratigraphic correlation with other well-dated pollen floras from the northwestern 
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Mediterranean (Suc et al., 1995a, 1999; Fauquette et al., 2007; Jiménez-Moreno and Suc, 
2007; Bertini and Martinetto, 2008). Latest Messinian to Pleistocene pollen floras (Fauquette 
et al., 2006) have also been considered to provide insights on the topographic evolution 
through time. 
 
2. Geological and morphological setting 
2.1. Structure of the western Alps 
The European Alps result from closure of the Alpine Tethys Ocean followed by 
continental collision between the European and Adriatic plates since ~35 Ma (Schmid et al., 
2004; Rosenbaum and Lister, 2005). The structure of the belt is characterized by a complex 
nappe stack, involving both basement and cover rocks of the European margin, the 
intervening ocean (Piedmont zone) and micro-continents, and the Adriatic margin. The 
Penninic front, a crustal-scale thrust fault, separates the western Alps into an internal and an 
external domain (Fig. 1). The internal western Alps consist, from east to west, of (1) high-
pressure/low-temperature metamorphic rocks of the internal crystalline massifs representing 
the most distal European margin (Dora-Maira, Gran Paradiso, Monte Rosa); (2) the Piedmont 
(“Schistes Lustrés”) zone; (3) medium to low-grade metamorphic rocks of the Briançonnais 
zone (European margin); (4) the non-metamorphic Helminthoid flysch nappes and (5) the 
obducted Chenaillet ophiolite (Fig. 1). The external western Alps, to the west of the Penninic 
front, include the External Crystalline Massifs (Mont Blanc, Aiguilles Rouges, Belledonne, 
Pelvoux, Argentera-Mercantour), which consist of European basement rocks that were 
metamorphosed and intruded by granites during the Variscan orogeny, as well as Permo-
Triassic to Cretaceous sedimentary cover rocks of the former European passive margin (Fig. 
1).  
 
2.2. Present-day topography 
The present-day mean elevation of the western Alps is ~1500 m, with about 60 mountain 
peaks over 4000 m in the Mont Blanc, Valais, Monte Rosa and Pelvoux massifs (Fig. 2A). 
Local relief reaches between 2000-3000 m in the northwestern and 1000-2000 m in the 
southwestern Alps (Vernon et al., 2009). Although the highest summits and relief are 
associated with the External Crystalline Massifs, the internal zones have the highest average 
topography. Topographic profiles across the north-, central- and south-western Alps (Fig. 2B) 
show a clear asymmetric topography, with a steep eastern flank and a somewhat gentler 
western flank.  
 
3. Data and methods 
3.1. Modern pollen records 
Two transects were sampled across the southwestern Alps (Fig. 3 and Supplementary 
Table 1A) to obtain the pollen image of present-day vegetation. The pollen data (20 moss 
polsters and 2 recent lake sediments) are compared to the vegetation distribution along 
altitudinal and longitudinal gradients and are used as a reference to interpret Paleogene to 
Quaternary pollen records. The moss polsters have been processed using KOH (10%), 
whereas lake sediments were treated with HCl and HF, both before sieving at 10 µm. Up to ~ 
150 pollen grains were counted, excluding Pinus generally over-represented in pollen data.  
 
3.2. Late Eocene to Mid-Pleistocene pollen records  
We searched for pollen grains in clayey sediments (see Tables 1 and 2 for information on 
their deposition environment) sampled close to coarser deposits in which mineralogical and 
thermochronological studies were performed previously. Most samples were collected from 
marine deposits of the foreland basins of the developing Alps, where abundant detrital 
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sediments were supplied by the developing orogenic drainage system. In such sediments, 
pollen floras provide an unbiased record of the regional vegetation altitudinal belts, as 
established by studies on recent sediments (Heusser and Balsam, 1977; Heusser, 1988; 
Cambon et al., 1997; Beaudouin et al., 2005, 2007). A few samples have been collected in 
continental lacustrine, fluvial or lagoonal deposits.  
Thirty-two new samples from 10 localities complete an existing dataset of 83 samples from 
14 localities (Bessedik, 1985; Zheng and Cravatte, 1986; Zheng, 1990; Jiménez-Moreno, 
2005; Suc et al., 1999; Hippolyte et al., 2011; Dubar, 1979). The total dataset thus contains 
data from 24 localities ranging from Late Eocene to Lower-Middle Pleistocene and 
distributed spatially on both flanks of the southwestern Alps (Fig. 1 and Supplementary Table 
1B). Pollen identification following the botanical classification, based on high-level 
morphological examination, was accomplished at the finest possible taxonomic level by 
comparing the Paleogene and Neogene pollen grains with their present-day relatives using 
modern pollen collections. Percentages of taxa were calculated on the sum of the pollen 
grains and standard synthetic diagrams were drawn (Suc, 1984).  
 
3.3. Methods for estimating palaeo-elevations using pollen data 
The methods to quantify palaeo-elevations, developed by Fauquette et al. (1999) and Suc 
and Fauquette (2012) take into account pollen floras that provide a regional view of the 
vegetation from the lowermost up to the uppermost altitudinal belts within the drainage basin 
from which the sediments were sourced. The vertical shift of vegetation belts with latitude is 
obvious but difficult to quantify, as the altitudinal range of plant species is controlled by 
climatic parameters (decreasing temperature with altitude/latitude and concomitant increasing 
precipitation), but also by local conditions such as the nature of soils, slope orientation, etc. 
This organization of the vegetation was used by Ozenda (1975, 1989, 2002) to establish a 
standard relationship in which modern vegetation belts shift 110 m in altitude per degree in 
latitude (0.6 °C/° latitude vs 0.55 °C/100m elevation). This relationship seems to be valid for 
all mountainous massifs of the northern hemisphere, between 70 and 30°N (Ozenda, 1989). 
The validity of the relationship is also demonstrated by detailed studies of the altitudinal 
limits of the vegetation in the Atlas Mountains of Morocco (Ozenda, 1975) and in the central 
Himalaya (Dobremez, 1972). The effect of the continentality may be important but our 
Neogene sites are situated in similar longitudinal position as the Alps today, so temporal 
variations in continentality will have been minimal. Therefore, using this altitude-latitude 
relationship together with the vegetation distribution and climatic estimates, palaeo-elevations 
may be assessed using fossil pollen records.  
Microthermic trees inhabiting high elevation/ high latitude zones, such as Abies and Picea, 
represent the best indicators of elevated topography in the fossil pollen floras. Based on 
modern marine sediments close to the Alps (Suc et al., 1999), a threshold value of ~3% for 
Abies and Picea has been used to infer the presence of forests of these taxa in the past 
(Fauquette et al., 1999). Nevertheless, pollen data do not allow estimating the altitudinal 
range of this vegetation belt, nor whether Alpine herbaceous and perpetual-snow belts existed 
above. This limitation is due to the difficulty of differentiating alpine herbaceous elements 
from those growing at lower elevations. As a consequence, these pollen-based palaeo-
elevations are minimum estimates corresponding to the lower limit of the highest forested 
belt. 
Palaeo-elevation estimates are based on the mean annual temperature (MAT) estimated at 
low elevations by excluding microthermic taxa from the reconstruction process (Fauquette et 
al., 1998). This low-elevation temperature is subsequently used as the base to estimate 
minimum elevation in the source area of the sediments using the full pollen spectrum and the 
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relation between altitudinal and latitudinal temperature gradients inferred by Ozenda (1975, 
1989, 2002). This procedure allows us to discriminate climatic variations from elevation 
changes. 
Before the Tortonian, the latitudinal temperature gradient was weaker than the modern one 
in Europe; it was estimated by Fauquette et al. (2007) to be around 0.48 °C/° latitude during 
the Middle Miocene. We have similarly reconstructed the latitudinal temperature gradient for 
the Early Oligocene (Rupelian, 34-28 Ma) based on the MAT assessed from pollen records 
from significantly different palaeo-latitudes: Tongres, Belgium (50°46’ N, Roche and 
Schuler, 1976) where MAT=17.5 °C and Montauban, southern France (44°01’ N) where 
MAT=19.6 °C (Fig. 4 and Supplementary Table 2). We find that the Rupelian latitudinal 
temperature gradient was also weaker than the modern; around 0.46 °C/° latitude. 
Hypothesizing that the ratio between altitudinal and latitudinal temperature gradients was 
similar to the present ratio during these times results in Rupelian and Middle-Miocene 
altitudinal temperature gradients of ca. 0.42 °C and 0.44 °C/100 m, respectively. 
Prior to the Pliocene, Europe was situated at lower latitudes than today (Fig. 4; 
Meulenkamp and Sissingh, 2003). The palaeo-latitudes of the sites for which we have pollen 
data have therefore been estimated from palaeogeographic maps. 
Our method for estimating palaeo-elevation from pollen data has previously been 
successfully applied to Early Pliocene (5.3 Ma) marine sediments from the foot of the 
Mercantour Massif, southeastern France, where it was validated by quantitative 
geomorphology (Fauquette et al., 1999). More recently, similar analyses have been applied to 
the Eastern Alps (Jiménez-Moreno et al., 2008), the Eastern Pyrenees (Suc and Fauquette, 
2012) and the Apennines (Fauquette and Combourieu-Nebout, 2013; Fauquette et al., 2014). 
 
4. Results  
4.1. Modern pollen flora transects 
Vegetation is similarly organized in altitudinal belts on both flanks of the mountain belt 
except for the occurrence of the Mediterranean evergreen belt at low elevations to the west 
(Fig. 5). Vegetation belts are organized altitudinally according to the concomitant decrease in 
temperature and increase in precipitation, and are defined by their dominant plant element(s) 
(Noirfalise et al., 1987; Ozenda, 2002).  
Pollen grains have been grouped as much as possible to correspond to vegetation belts 
(Fig. 5). However, several complications could not be avoided and require some explanation. 
First, Pinus has been separated because its pollen grain is not identifiable at the species level. 
Therefore, this genus may represent several vegetation belts, although its abundance in 
samples from the ‘Larix decidua’ and ‘Pinus cembro woods’ belt or close to it (sites 4, 5, 6, 
13, 15: Fig. 5) allows considering a probable origin from this belt in such cases. Second, 
pollen grains of Larix are scarcely recorded; samples containing this genus were collected 
almost exclusively within its forests (sites 4, 5, 13, 15) or from sites immediately below such 
forests (sites 7, 8, 10, 12, 14, 16, 18). Third, pollen grains of Cupressaceae (rare except in site 
22) are grouped because they cannot be identified at the genus level, even though their species 
grow at different altitudes (Cupressus sempervirens and Juniperus oxycedrus in the two 
lowermost vegetation belts, J. communis in the subalpine belt, J. thurifera at higher 
elevations). Fourth, most of the herbaceous pollen grains cannot be distinguished at an infra-
family level, whereas such plants can inhabit different altitudes; their abundance may indicate 
open (site 1) and/or undergrowth (sites 2, 3, 5, 7, 9, 14, 15, 18, 19, 20, 21) vegetation. Finally, 
alpine tundra-like plants (Polygonum alpinum, Gentiana, Centaurea uniflora) have been 
identified in some sites (4, 6, 13, 15), sometimes in large quantities. There, some other plants 
have been ascribed to this group by deduction such as Alnus ascribed to A. viridis and Salix to 
a dwarf willow despite our inability to identify them at the species level. 
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Wind transport may be important in mountainous regions and may lead to deposits 
recording pollen originating from other vegetation belts than that of the source area. 
Despite these potential complications, the pollen data show a good correlation with the 
vegetation distribution along the slopes of the massifs and therefore faithfully record the 
different vegetation belts (Fig. 5). They also reflect the asymmetric elevation and therefore 
vegetation distribution along the two transects from west to east: the replacement of pollen 
groups as elevation increases appears progressive on the western flank but much more abrupt 
to the east (Fig. 5).  
 
4.2. Late Eocene to Mid-Pleistocene pollen floras 
Late Eocene to Pliocene pollen floras from both flanks of the southwestern Alps are 
characterized by prevalent mega-mesothermic plants (supporting subtropical conditions: 
MAT between 20 and 24°C; Nix, 1982) and sometimes high frequencies of Cathaya (Fig. 6), 
a conifer living today in subtropical China at mid to high elevations, below the Abies and 
Picea belt (Wang, 1961). Megathermic plants (supporting tropical conditions: MAT >24°C; 
Nix, 1982) are present in all Eocene to Middle Miocene samples. The maximum frequency of 
such species was observed at Châteauredon the early Langhian age of which (Besson et al., 
2005; Jiménez-Moreno and Suc, 2007) corresponds to the Mid-Miocene Climatic Optimum 
(~15 Ma; Zachos et al., 2001, 2008). Mega-mesothermic pollen grains decrease from the early 
Zanclean (~5 Ma) to the Piacenzian (3.6-2.6 Ma) (Fig. 6) and disappear from the pollen 
records at the earliest Pleistocene (2.6 Ma), probably due to the onset of Northern Hemisphere 
glaciations (Suc and Zagwijn, 1983; Suc, 1984; Bertini, 2010; Popescu et al., 2010).  
On the whole, microthermic trees (supporting boreal conditions: MAT <12°C; Nix, 1982) 
such as Abies and Picea occur in significantly higher frequencies on the eastern flank (Tetti 
Civera, Pavarolo, Borelli) than in the west, except at Vaugines (late Tortonian), located at the 
foot of the Luberon Massif, where high percentages of Abies and Cathaya are recorded. From 
the Early Miocene to the beginning of the Tortonian, samples from the eastern flank also 
show a significant abundance of the meso-microthermic (supporting cool-temperate 
conditions: MAT between 12 and 14°C; Nix, 1982) tree Cedrus, whereas at the same time 
Cathaya is the most frequent high-elevation tree recorded on the western flank (Fig. 6).  
 
4.3. Palaeo-elevation estimates  
The minimum estimated palaeo-elevation (corresponding to the lower limit of the Abies-
Picea belt) is relatively well constrained for periods prior to the Pliocene, when climate was 
tropical to subtropical in Europe, because the uppermost vegetation belt was most likely 
forested rather than herbaceous. For the Plio-Pleistocene, the presence of alpine tundra-like 
vegetation is expected above the fir-spruce-larch forest. However, pollen data do not allow 
establishing the presence of an alpine herbaceous belt above the highest forest belt due to the 
difficulty of unambiguously discriminating high-altitude herbs from other herbaceous pollen. 
Palaeo-elevation estimates are thus minimum values, restricted to the lower limit of the 
highest forest belt. The results presented in Table 1 correspond to the most probable palaeo-
elevations based on the Most Likely Values of MAT and, in brackets, to ranges of palaeo-
elevations based on the minimum and maximum MAT. 
Most of the sites to the east of the range (Tetti Civera, Rio Civera, Pavarolo, Borelli, Torre 
Sterpi, Sioneri; Fig. 1) record pollen grains of Cathaya, Abies and Picea (Fig. 6) indicating 
high palaeo-elevations within the nearby massifs. In Gassino Torinese (Late Eocene; Fig. 6) 
Cathaya is the only meso-microthermic tree present (Table 1), indicating an altitude between 
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950 and 1800 m. However, this is also the only site in our dataset that predates the rapid 
Eocene-Oligocene cooling (Zachos et al., 2001; Hren et al., 2013). To the west of the 
southwestern Alps, the Oligocene Saint-Lions and Gambi sites (Figs. 1 and 6) indicate 
relatively high palaeo-elevations (1900 and 1740 m, respectively; Table 1). However, the 
other pre-Zanclean sites do not show significant percentages of Abies and Picea. In some sites 
(Châteauredon, La Motte d’Aigues; Table 1; Fig. 6) Abies, Picea and Cathaya are completely 
absent. Considering the La Motte d’Aigues site, this absence may be due to the long distance 
from high-elevation pollen sources. Data from Châteauredon indicate the absence of high 
topography near this site. Early Zanclean to Early Piacenzian pollen data indicate high palaeo-
elevations in the source areas, except at Villeneuve for which high-elevation trees are 
represented mostly by Cathaya (Picea < 1%; Table 1).  
Table 2 displays the palaeo-elevation estimates for the continental sites. In this case, the 
estimated MLV of MAT from the pollen assemblage is compared to values inferred from a 
contemporaneous pollen flora representative of lowland vegetation. The estimates correspond 
in this case to the palaeo-elevations of the pollen localities themselves. The analysis shows 
that the Late Pliocene – Pleistocene sediments of Oraison-Flour, Les Mées-Périgoite, Le 
Rochassas sites were deposited at their modern elevations of 408, 522 and 820 m respectively 
(Table 2). In contrast, the pollen assemblage from Vaugines (Tortonian), at the foot of the 
Luberon Massif (1125 m), indicates a very low elevation during deposition (Table 2); this site 
has therefore been uplifted later to attain its modern elevation of 430 m. However, the 
abundance of Abies and Cathaya in this pollen assemblage indicates nearby high elevations, 
estimated to be above 1670 m (Table 1).  
 
5. Discussion 
5.1. Limitations of the method  
Numerous pollen studies (Roche and Schuler, 1976; Bessedik, 1985; Suc, 1989; Zheng, 
1990; Suc et al., 1995a, b, 1999; Jiménez-Moreno, 2005; Bertini and Martinetto, 2011) have 
shown that the European vegetation of the Mid-Cenozoic follows a similar latitudinal and 
altitudinal belting to that observed in present-day southeastern China (Wang, 1961) where 
most of the taxa that disappeared from Europe by the Late Neogene still occur today. One of 
the plants indicating the existence of significant palaeo-elevations in our pollen data is 
Cathaya. However, the use of this genus in palaeoenvironmental reconstructions is not 
straightforward as it is currently considered as a relictual plant. Modern Cathaya is a 
monospecific genus (C. argyrophylla Chun and Kuang) restricted to southern China (Wang, 
1961). Eight populations have been recorded in four provinces (Guangxi, Hunan, Sichuan, 
Guizhou; Mao, 1989). They are found between 950 and 1840 m elevation at latitudes between 
around 24° and 29°N. Thus, the modern habitat of Cathaya is located ~10° more to the south 
than the palaeo-latitudes of the Cenozoic western Alps sites (Fig. 4). However, present-day 
isotherms are also shifted ~10° in latitude to the south in eastern China in comparison to 
Europe. For our reconstructions, we thus consider minimum and maximum elevations of 950 
m and 1800 m, respectively, for Cathaya.  
 The altitude estimates of the sites were calculated using the Most Likely Values (MLV) of 
mean annual temperature (MAT) obtained from the pollen data. Although MLVs are less 
informative of climate than the entire reconstructed climatic amplitudes, as plants may 
sometimes support large climatic ranges, they provide a good estimation of the optimum 
conditions where the encountered plant assemblages best develop. Moreover, MLVs have 
been statistically tested on modern pollen data and are considered to provide reliable results 
(Fauquette et al., 1998). However, in order to provide an idea of the uncertainties, we also 
report the palaeo-elevation estimates based on the minimum and maximum MAT (in brackets 
in Table 1).  
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We combine our pollen data with multiproxy provenance analyses from the same detrital 
sediments (Jourdan et al., 2012), together with reconstructions of the drainage network 
(Grosjean et al., 2012) in order to better constrain pollen sources. We can use this data 
because studies on recent marine coastal sediments have established that the contribution of 
airborne pollen to these sediments is negligible in comparison to fluvially transported pollen 
(Cambon et al., 1997; Beaudouin et al., 2007).  
 
5.2. Evolution of the western flank 
Rupelian sediments sampled in the Barrême Basin at Saint-Lions (Fig. 1) were sourced 
from the internal Alpine massifs (Piedmont zone close to the modern Monte Viso and 
Briançonnais zones), whereas Chattian sediments from the nearby Gambi site are dominated 
by local clastic input mixed with a low proportion of Alpine detritus (Evans and Mange-
Rajetzky, 1991; Evans and Elliott, 1999; Morag et al., 2008; Jourdan et al., 2012; Schwartz et 
al., 2012). The pollen spectra from these sites include Cathaya, Cedrus, Tsuga, which indicate 
mid-elevations, as well as Picea and Abies indicating higher elevations, implying that as early 
as ~30 Ma, a nearby massif attained elevations around 1900 m (1100 to 2900 m according to 
the minimum and maximum MAT) near Saint-Lions and 1740 m (1100 to 2900 m) near 
Gambi. Given the configuration of the Oligocene drainage network (Fig. 7), in which both 
axial and transverse drainages were already established (Grosjean et al., 2012), the high-
elevation internal zone of the southwestern Alps, around the present-day Monte Viso, would 
be the most logical source for these high-altitude pollen.   
The Early-Miocene (Aquitanian-Burdigalian) sites of Carros and Le Gourg close to Nice 
(Fig. 1), show the presence of Cathaya and Cedrus (Fig. 6) but insignificant percentages of 
Abies and Picea, implying the presence of an elevated massif in the source area during this 
time, the maximum elevation of which we estimate at 1800 m (Table 1). At present, the most 
proximal high-elevation massif for these sites is the External Crystalline Argentera-
Mercantour Massif (Fig. 1). Using pollen data and quantitative geomorphological studies, 
Fauquette et al. (1999) showed that the Argentera-Mercantour Massif attained an elevation of 
~2000 m during the Pliocene. The exhumation of the Argentera-Mercantour Massif is 
supposed to start at ~22 Ma (Corsini et al., 2004; Bigot-Cormier et al., 2006; Sanchez et al., 
2011); it is therefore unlikely that the massif had already attained such high elevations in the 
late Early Miocene. An alternative source for pollen grains of microthermic and meso-
microthermic plants encountered in Carros and Le Gourg samples would have been northern 
Corsica and the conjugate Maures-Estérel Massif, as previously suggested by Suc et al. 
(1992). Apatite fission-track data from northwest Corsica indicate rapid exhumation around 
15-25 Ma, attributed to rift-flank uplift in response to Ligurian rifting during the Oligocene-
Early Miocene (Zarki-Jakni et al., 2004; Danišik et al., 2007). 
Several Burdigalian to Serravallian (~21-12 Ma) sites from the Durance Basin (La Rosée, 
Châteauredon, La Motte d’Aigues) do not record the presence of meso-microthermic and 
microthermic trees, except for Cathaya (Fig. 6). Although the ages of La Rosée and 
Châteauredon overlap the Miocene Climatic Optimum (Jiménez-Moreno, 2005), during 
which vegetation belts would have risen, our palaeo-elevation estimates correct for this effect 
and indicate low elevations in the source areas (Table 1). This suggests that, first, the Digne 
thrust sheet which today overthrusts the Miocene Châteauredon series and develops 
topography of up to 1000 m in its hanging-wall, had not yet been emplaced at 15 Ma. Second, 
rivers draining the mountainous hinterland would not yet have reached the marine palaeogulf 
of the Durance Basin in the Middle Miocene. While the topmost part of the Châteauredon 
section (Valensole Conglomerates) clearly evidences transport by the palaeo-Durance river, 
the Middle Miocene sediments do not record alpine clastic inputs. This suggests that the 
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modern Durance drainage network was established in the Late Miocene (Aguilar and 
Clauzon, 1982). 
The analysed sediments from La Motte d’Aigues post-date the Mid-Miocene cooling. 
However, the associated lowering of the vegetation belts is not recorded at this distal site. 
Only the pollen record from the Les Mées borehole encompasses the Mid-Miocene climatic 
extremes and shows a weak signal of the high-elevation conifers in its upper part (Fig. 6), 
probably recording their altitudinal descent due to global climatic cooling. Occurrence of 
high-elevation trees in these pollen records appears mainly controlled by the distance from the 
pollen source area and the organization of the drainage network. 
The proximate early-Langhian Châteauredon and late-Piacenzian Le Rochassas sites 
bracket emplacement of the Digne thrust sheet and the modern drainage network to between 
~15 and ~3 Ma (Hippolyte et al., 2011), as Le Rochassas samples indicate an elevation close 
to the modern elevation for this site (>800 m; Table 2) and provided a large amount of Picea 
pollen grains (Fig. 6), indicating the proximity of high topography. Likewise, pollen data 
from Villeneuve-Pigeonnier (Zanclean) show the presence of Cathaya among the meso-
microthermic trees. Picea is present in insignificant percentages and Abies is absent (Fig. 6; 
Table 1). This indicates, that, in contrast to the Burdigalian/Serravallian period (~21-12 Ma), 
topography between 950 and 1800 m existed in the source area during the Early Pliocene. 
These results are also in agreement with inferred emplacement of the Digne thrust sheet 
during Miocene-Pliocene times (Jorda et al., 1988, 1992; Gidon, 1997; Fournier et al., 2008).  
Finally, in the Serravallian (~12-13 Ma) La Motte d’Aigues site, located <15 km from the 
Luberon Massif, the absence of high-altitude tree pollen grains indicates that the Luberon 
Massif had not yet attained high elevations at that time. In contrast, high percentages of Abies 
pollen grains (~31%) in the middle Tortonian (~9 Ma) Vaugines site, at the base of the 
Luberon Massif, show that high topography existed in the source area of this site, which is 
situated within a syncline filled by Miocene sediments derived from erosion of the Luberon 
anticline crest (Clauzon et al., 2011). Thus, our data is consistent with structural and 
topographic development of the Luberon Massif by south-directed thrusting during the time 
interval 10-6 Ma, as suggested by Clauzon et al. (2011). 
The site of Vaugines is today at 430 m elevation, whereas during the middle Tortonian it 
was near sea level (Table 2). High temperatures during the Miocene (MAT between 10 and 
23°C, MLV around 17°C) led to a positive shift of around 300 m of the vegetation belts 
(Table 1). In southern France, the lower altitudinal limit of the Abies belt is currently at 1400 
m. Therefore, the occurrence of Abies in the Vaugines samples indicates source-area 
elevations above ~1700 m in the Tortonian, while the maximum elevation of the modern 
Luberon Massif is 1125 m a.s.l. Our results therefore imply that ~600 m surface lowering of 
the massif by erosion occurred since the Late Tortonian, whereas the foreland was uplifted by 
~400 m.  
Overall, sites from the western flank indicate the existence of high topography within the 
internal zone of the southwestern Alps since at least the Early Oligocene, together with 
outward propagation of deformation and structuring of the foreland during Late Miocene-
Pliocene times (Fig.7). This finding is consistent with the westward migration of the main 
drainage divide between the Oligocene and Miocene inferred by Jourdan et al. (2012) from 
provenance data. All Late Oligocene to Miocene sites containing marine deposits are today 
several hundred meters above sea level, up to 855 m for Gambi. Thus, surface uplift of the 
western foreland must have taken place during the Neogene and Early Quaternary.  
 
5.3. Evolution of the eastern flank 
Late Eocene (~37-34 Ma) clays sampled near Gassino Torinese belong to the Monte Piano 
Formation of the Torino Hills and are considered as distal Alpine deposits (Festa et al., 2011). 
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The presence of Cathaya and the absence of Abies and Picea in these samples suggest palaeo-
elevations of 950 to 1800 m. Jourdan et al. (2013) show that these early deposits in the Torino 
Hills were derived from the internal western Alps, suggesting the existence of proto-relief in 
this area already eroded by a palaeo-Dora Riparia drainage system (Fig. 7).  
The sites in the Torino Hills that cover the Early to early Late Miocene (Tetti Civera, Rio 
Civera, Pavarolo, Borelli) indicate high palaeo-elevations of the nearby massifs, from >1680 
m (1300-2250 m) during the Aquitanian (~23-20.5 Ma) up to >1925 m (1465-2900 m) during 
the mid-Tortonian (~10 Ma). Pollen data from Torre Sterpi and Sioneri, covering the latest 
Messinian (~6 Ma), indicate a minimum elevation around 1800 m (1400-2800 m). However, 
we interpret this apparent lowering of the minimum elevation of the massif compared to 
previous periods as an artefact, due to the comparatively colder climate during Pliocene times 
and associated lowering of the Abies vegetation belt.  
Thus, our pollen data from the eastern flank of the southwestern Alps suggest continuous 
high minimum elevations (of the order of 1800 m based on the MLV of MAT), since at least 
the Early Miocene and possibly since the Late Eocene. 
 
5.4. West-East dissymmetry in topography 
Late Paleogene and Early Neogene pollen spectra from the western flank of the 
southwestern Alps contain relatively high percentages of Cathaya, with respect to Abies and 
Picea. Likewise, Late Neogene samples contain relatively high percentages of Cedrus and 
Tsuga with respect to Abies and Picea. Conversely, the sites on the eastern flank show a 
relative balance between meso-microthermic (Cathaya, Cedrus and Tsuga) and microthermic 
(Abies and Picea) tree pollen.  
This asymmetry between the two flanks of the mountain belt could be interpreted as a 
difference in temperature, the eastern flank being cooler than the western one. However, such 
an interpretation is contradicted by an equivalent abundance of megathermic and mega-
mesothermic plants on both flanks (Fig. 6). The different proportions of meso-microthermic 
versus microthermic tree pollen are better explained by shorter pollen-transport routes from 
high elevations to the sedimentary sinks towards the east than towards the west, as also 
observed in the present-day pollen records (Fig. 5).  
Pollen data from the western flank imply that the lowest conifer belt, constituted by 
Cathaya, Cedrus and Tsuga, was close to the sites of deposition and widely developed in 
space, and that a higher conifer belt constituted by Abies and Picea was far from these sites. 
This organization of the vegetation belts supports a relatively progressive increase in 
elevation on the western flank, as today (Fig. 2B). In contrast, pollen data from the eastern 
flank imply that both the lower and higher conifer belts were close to the Torino Hills sites, 
supporting an abrupt increase in elevation on the eastern flank of the southwestern Alps (Figs. 
2B, 7). Therefore, the present-day topographic asymmetry of the southwestern Alps dates 
back to at least the Early Miocene, and possibly to the Oligocene or Late Eocene.  
 
5.5. Topography and exhumation 
In many orogenic belts, high topography is associated with high relief and 
erosion/exhumation rates (Montgomery and Brandon, 2002), as reflected by the present-day 
topography and exhumation patterns of the western Alps (Vernon et al., 2009). Unfortunately 
it is impossible to directly determine palaeo-relief from pollen or provenance data. Even 
though, in theory, detrital thermochronology data may allow information on palaeo-relief to 
be extracted (Stock and Montgomery, 1996), in practice the data are generally insufficiently 
resolved to permit this (Beucher et al., 2012; Olen et al., 2012). We know from previously 
published geo- and thermochronologic data (Bernet et al., 2009; Jourdan et al., 2013) as well 
as provenance studies (Evans and Mange-Rajetzky, 1991; Jourdan et al., 2012; Schwartz et 
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al., 2012) that, during the Early Oligocene, local peak exhumation rates briefly increased to 
1.5-2 km/Myr in the southwestern Alps (Morag et al., 2008; Jourdan et al., 2013), but average 
long-term exhumation rates remained much lower (~0.3 km/Myr) and fairly constant since 
~27 Ma (Bernet et al., 2009). The timing of the peak exhumation rates during the Early 
Oligocene appears to coincide with the formation of high topography in the southwestern 
Alps. The slower long-term average exhumation rates would then reflect the persistence of 
this topography and its asymmetry until today. The westward shift of the southwestern Alps 
drainage divide during the Oligocene, as proposed by Jourdan et al. (2012) (Fig. 7), and the 
recent (<2 Ma) glacial modification of high topography in the western Alps (Glotzbach et al., 
2013) are superimposed on this overall stable topographic setting.   
 
5.6. Geodynamic implications 
Von Blanckenburg and Davies (1995) proposed that in the northwestern and Central Alps 
slab break-off occurred between 35 and 30 Ma, driving the major and well-documented 
change from flysch to molasse deposition in the foreland basin at that time (Sinclair, 1997b). 
The seismic tomography data of Lippitsch et al. (2003) provide support for a slab break-off 
event, whereas Duretz et al. (2011) developed a theoretical framework for linking slab break-
off and the topographic evolution of the western Alps. These authors state that intermediate 
slab break-off at the oceanic-continental lithosphere transition causes surface uplift of the 
overriding plate at a rate of 0.5 km/Myr after ca. 1 Ma, which is partly compatible with the 
inferences from detrital thermochronology data (Jourdan et al., 2013). Slab break-off followed 
by surface uplift is synchronous with anticlockwise rotation of the Apulian plate, a change in 
the convergence direction from south-north to east-west between the Apulian and Eurasian 
plates, and crustal thickening during continent-continent collision, which all started at about 
35-30 Ma (Handy et al., 2010; Malusà et al., 2011; Dumont et al., 2012). This generalized and 
sharp kinematic change is linked to slab retreat in the nascent Mediterranean realm, inducing 
strong westward mantle flow beneath the southwestern Alps (Jolivet et al., 2009). However, 
while slab break-off can account for a general uplift of the Alps during the Early Oligocene, it 
cannot explain the localized uplift and the dissymmetry recorded at that time in the western 
Alps. 
Theoretical models of doubly-vergent critical wedges (Willett et al., 1993; Whipple and 
Meade, 2006) predict that the retro-wedge should be steeper than the pro-wedge, consistent 
with the palaeo-elevation and exhumation record of the southwestern Alps (Carrapa, 2009; 
this study). Moreover, geophysical analyses of the deep structure of the Western Alps show 
the presence of the high-velocity, high-density Ivrea body in the core of the orogenic arc, at 
less than 10 km depth (Schmid and Kissling, 2000; Paul et al., 2001; Lardeaux et al., 2006). 
The Ivrea body, which is interpreted as a sliver of Apulian mantle, acts as a vertical indenter 
against the European plate during east-west convergence (Lardeaux et al., 2006). This 
indenter may have supported localized surface uplift in the internal western Alps and further 
explain the topographic dissymmetry recorded by sediment provenance (Schwartz et al., 
2012; Jourdan et al., 2012, 2013; Fig. 7).  
Sites from the western foreland show significant (up to 800 m) surface uplift since the Late 
Miocene (Section 5.2). Up to 500 m of foreland uplift can be attributed to the flexural 
isostatic response to increased Quaternary erosional unloading of the western Alps 
(Champagnac et al., 2008), which would lead to net surface lowering of the mountain range. 
The remainder could possibly be attributed to deep-seated geodynamic processes, such as 
renewed slab break-off (Kuhlemann, 2007; Baran et al., 2014), for which geophysical 
evidence remains scarce, however (Lippitsch et al., 2003). 
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6. Conclusions 
We show that the topography of the internal zone of the southwestern Alps could have 
reached elevations around 1800 m as early as the Oligocene (~30 Ma). In contrast, the 
external massifs, including the Mercantour Massif in the southwestern Alps, were uplifted 
later, during the Late Neogene, while emplacement of the external Digne thrust nappe 
occurred after the Serravallian (~12-13 Ma). Pollen data show that the present-day 
topographic asymmetry of the southwestern Alps, with a relatively gentle western flank and 
much steeper eastern flank, dates back to at least the Early Miocene, and possibly to the 
Oligocene or Late Eocene. 
This topographic evolution is coherent with provenance data and estimates of exhumation 
rate from detrital thermochronology from the same sedimentary units in the pro- and retro-
foreland basins. Rapid surface uplift during the Early Oligocene coincided with a brief 
episode of rapid exhumation; the high topography of the internal zones of the southwestern 
Alps has been maintained with moderate long-term average rates of exhumation since that 
time. Westward propagation of deformation in the Miocene-Pliocene and Quaternary glacial 
erosion has not severely perturbed this overall stable system.   
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Figure captions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Simplified geological map of the western Alps (modified from Jourdan et al., 2012) 
showing the location of the Paleogene to Neogene pollen sites.  
Pollen sites are numbered according to stratigraphic age: 1, Gassino Torinese; 2, Saint-Lions; 
3, Gambi; 4, Le Gourg; 5, Carros; 6, Tetti Civera 1; 7, Tetti Civera 2; 8, Tetti Civera 3; 9, Rio 
Civera; 10, La Rosée; 11, Les Mées 1 (borehole); 12, Châteauredon; 13, Pavarolo; 14, La 
Motte d’Aigues; 15, Borelli; 16, Vaugines; 17, Torre Sterpi; 18, Sioneri; 19, Saint-Martin du 
Var; 20, Villeneuve; 21, Saint-Isidore; 22, Le Rochassas; 23, Les Mées-Périgoite; 24, 
Oraison-Flour. New pollen data are indicated by a diamond and published pollen data by a 
circle. 
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Fig. 2. A) Topographic map of the western Alps with the location of the areas with mountain 
peaks over >4000 m elevation (Mont Blanc, Valais, Monte Rosa, and Pelvoux) and B) three 
east-west profiles in the northern, central and southern parts of the western Alps. Particularly 
the northern and southern profiles show the asymmetric topography of the Western Alps with 
a steep eastern flank and a gentler western flank. The map was made with the GeoMap App 
(http://www.geomapapp.org), using the Global Multi-Resolution Topography (GMRT) 
basemap (Ryan et al., 2009).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Simplified vegetation map of the southwestern Alps (from Noirfalise et al., 1987) and 
position of the two transects along which modern pollen data were collected (localities on the 
transects are indicated by dots, localities out of the transects by circles). The relief of the map 
was added using the GeoMap App (http://www.geomapapp.org) (Ryan et al., 2009). See 
Supplementary Table 1 for details on the localities. 
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Fig. 4. Palaeogeographic maps (from Meulenkamp and Sissingh, 2003) with the position of 
the concerned sites for the late Rupelian, Burdigalian, Langhian, Tortonian and Piacenzian. 
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Fig. 5. Topography along the two transects of Fig.3, position of the different vegetation belts 
(from Noirfalise et al., 1987; Ozenda, 2002) and relative proportions of pollen groups in the 
modern samples.  
Pollen localities are:  
Transect AA’: 1, Nyons; 2, Luz la Croix haute; 3, Le Freney; 4, Col du Lautaret; 5 - 6, Mont 
Cenis; 7, Pinerolese (Lago Villaretto di Roure); 8, Pinerolese (Balma di Roure); 9, Baldissero 
Torinese (Val Samfrà).  
Transect BB’: 10, Taulanne; 11, Clumanc; 12, Sisteron; 13, Saint-Léger; 14, Lac de Séguret; 
15, Fournel; 16, Roche de Rame; 17, Agnel; 18, Inverso Pinasca; 19 - 20, Cappella della 
Colletta di Cumiana; 21 Baldissero Torinese; 22, Moncucco Torinese.  
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Fig. 6. Synthetic pollen diagrams for the Late Eocene to Pleistocene samples and their 
position in a chronostratigraphic frame (note the change of timescale at the 
Paleogene/Neogene boundary). Taxa have been arranged into thirteen different groups based 
on ecological criteria in order to visualize the main changes in the palaeo-vegetation cover at 
different altitudinal belts. Some groups are constituted according to thermic requirements of 
taxa with respect to the Nix (1982) classification based on the mean annual temperature 
(MAT): megathermic (tropical): MAT>24°C; mega-mesothermic (subtropical): 
20°C<MAT<24°C; mesothermic (warm-temperate): 14°C<MAT<20°C; meso-microthermic 
(cool-temperate): 12°C<MAT<14°C; microthermic (boreal): MAT<12°C.  
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Fig. 7. Schematic reconstruction of the topographic and drainage evolution of the 
southwestern Alps from Early Oligocene to Early Miocene, showing the palaeo-Durance and 
the palaeo-Drac rivers draining the western flank of the main divide and the palaeo-Dora-
Riparia draining the eastern flank. 
 
 
 
 
 
 
 
 
 28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Results of the palaeo-elevation estimates for marine sediment sites. For each site we 
report the age and depositional environment of the sediments, the palaeolatitude based on the 
palaeogeographic maps of Meulenkamp and Sissingh (2003), the estimated mean annual 
temperature from pollen data (minimum, Most Likely Value, maximum MAT), the shift in 
altitude of the vegetation belts due to the differences in temperature with respect to the 
present-day, the most probable palaeo-elevations of the nearby massifs based on the Most 
Likely Values of MAT and, in brackets, ranges of palaeo-elevations based on the minimum 
and maximum MAT. 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Results of the palaeo-elevation estimates for non-marine sediment sites. For each site 
we report the modern elevation, the age and depositional environment of the sediments, the 
Most Likely Value of MAT, the contemporaneous flora living in lowlands used for the 
comparison and the palaeo-elevation of the site. 
 Sites Age Depositional 
environment 
Palaeo-latitude 
(°N) 
MAT (°C) 
Min – MLV -  max 
Shift in 
altitude (m) 
Microthermic trees in pollen 
records 
Palaeoaltitude of 
nearby massifs 
 
 
 
 
 
 
 
French 
slope 
21 Saint-Isidore Early Piacenzan Marine, deltaic Modern 14.8 – 17 – 18.2 +265 +640 + 860 Abies, Picea, Cathaya, Cedrus 2040 m (1665/2260) 
20 Villeneuve Pigeonnier 
de l’Ange 
Middle Zanclean Marine, deltaic Modern 11.9 - 16.5 – 24.7  Cathaya 950 to 1800 m 
19 Saint-Martin du Var Latest Messinian to 
Early Zanclean 
Marine, deltaic Modern 15 - 16.5 – 18.6 +300 +541 +930 Abies, Picea, Cathaya, Cedrus 1940 m (1700/2330) 
16 Vaugines Late Tortonian Palustrine 41 10 - 16.8 – 22.8 -1000 +270 +1460 Abies, Picea, Cathaya 1670 m (400/2860) 
14 La Motte d’Aigues Latest Serravallian Marine, 
embayment 
38 16 - 17.9 – 22.8  Very rare Cathaya Low altitude 
12 Châteauredon Early Langhian Marine, 
embayment 
38.2 17.4 - 19.7 – 22.8  Very rare Cathaya Low altitude 
11 Les Mées (borehole) Latest Burdigalian to 
early Serravallian 
Marine, 
embayment 
38 17 - 18.8 – 21.8  Cathaya, very rare Abies, Picea, 
Cedrus 
Low altitude 
10 La Rosée Late Burdigalian Marine, 
embayment 
 15 – 20 – 24.5  Less than 1% of Picea, no Abies, 
few Cathaya 
950 to 1800 m 
4 Le Gourg Latest Aquitanian Marine, 
embayment 
37.2 16.8 - 19.4 – 24.7  Less than 1% of Picea and Abies, 
few Cathaya and Cedrus 
950 to 1800 m 
5 Carros Aquitanian Marine, 
embayment 
37.2 16.8 - 19.4 – 24.7  Cathaya, Cedrus, very rare Picea 
and Abies 
950 to 1800 m 
3 Gambi Chattian Marine, deltaic 38 15.6 - 18.8 – 24.7 -290 +340 +1500 Cathaya, Picea, Cedrus, very rare 
Abies 
1740 m (1110/2900) 
2 Saint-Lions Rupelian Marine, deltaic 38 15.6 - 19.6 – 24.7 -290 +500 +1500 Cathaya, Cedrus, Picea 1900 m (1110/2900) 
 
 
 
 
Italian 
slope 
17 Torre Sterpi Latest Messinian Lagoonal 41.5 15.6 - 17.6 - 20 +90 +485 +960 Mostly Cathaya, Cedrus, Picea, 
Abies 
1785 m (1400/2260) 
18 Sioneri Latest Messinian Lagoonal 41.5 15.6 - 17.7 – 22.8 +90 +500 +960 Mostly Picea, Abies, Cedrus, 
Cathaya 
1800 m (1390/2800) 
15 Borelli Middle Tortonian Marine, 
embayment 
42.4 15.5 - 17.8 – 22.8 +165 +625 +1600 Abies, Picea, Cathaya, Cedrus 1925 m (1465/2900) 
13 Pavarolo Serravallian Marine, 
embayment 
40 17 – 19 – 24.7 +200 +600 +1700 Abies, Picea, Cathaya, Cedrus 1900 m (1500/3000) 
9 Rio Civera Late Burdigalian Marine, 
embayment 
39.5 15.7 - 18.7 – 21.7 -110 +480 +1080 Very rare Abies and Cedrus, 
mostly Cathaya 
1780 m (1200/2380) 
8 Tetti Civera 3 Middle Burdigalian Marine, 
embayment 
39.5 15.6 – 19 – 24.7 -130 +540 +1650  
Abies, Picea, Cathaya, Cedrus 
1840 m (1170/2950) 
7 Tetti Civera 2 Early Burdigalian Marine, 
embayment 
39.5 15.6 - 18.8 – 24.7 -130 +500 +1650 1800 m (1170/2950) 
6 Tetti Civera 1 Aquitanian Marine, 
embayment 
38.5 16.8 - 18.7 – 21.6 +0 +380 +950 1680 m (1300/2250) 
1 Gassino Torinese Priabonian Marine, 
embayment 
36 15 - 19.2 – 24.7  Cathaya, very rare Picea 950 to 1800 m 
 
Non-marine 
sediment sites 
Modern 
elevation (m) 
Age Depositional 
environment 
MLV of MAT 
(°C)  
Contemporaneous flora 
living in lowlands 
Paleoaltitude of the 
sites 
24 Oraison - 
Flour 
408 Early 
Pleistocene 
Fluvial loams 14.8 Semaforo (Southern Italy, 
Fauquette and Combourieu-
Nebout, 2013) 
420 m 
23 Les Mées - 
Périgoite  
522 Early 
Pleistocene 
Fluvial loams 15.2 330 m 
22 Le 
Rochassas  
820 Piacenzian Palustrine 12  St Isidore (Southern France, 
Zheng and Cravatte, 1986) 
890 m 
16 Vaugines 430 Tortonian Palustrine 16.8  Mirabel (Naud and Suc, 1975) ~0 
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Supplementary Table 1. Location of pollen sites. A) Modern pollen records (numbers of the 
sites correspond to those on figure 3); B) Fossil pollen records (numbers of the sites 
correspond to those on Figure 1).  
 
A. 
Number  on 
Fig. 3 
Site N Latitude E Longitude Altitude 
(m) 
1 Nyons 44° 22’ 5° 05’ 300 
2 Luz la Croix haute 44° 39’ 5° 42’ 1100 
3 Le Freney 45° 02’ 6° 08’ 800 
4 Col du Lautaret 45° 02’ 6° 26’ 1850 
5 Mont Cenis (lower) 45° 16’ 6° 54’ 1479 
6 Mont Cenis (upper) 45° 15’ 6° 54’ 2083 
7 Pinerolese (Lago Villaretto du Route) 45° 01’ 05.52’’ 7° 06’ 23.44’’ 980 
8 Pinerolese (Balma di Roure) 45° 00’ 17.90’’ 7° 07’ 31.54’’ 890 
9 Baldissero Torinese (Val Samfrà) 45° 04’ 19.27’’ 7° 48’ 59.79’’ 383 
10 Taulanne 43° 52’ 35.40’’ 6° 26’ 32.40’’ 995 
11 Clumanc 44° 01’ 38.20’’ 6° 23’ 06.00’’ 940 
12 Sisteron 44° 11’ 5° 57’ 540 
13 Saint-Léger 44° 24’ 6° 24’ 2000 
14 Lac de Séguret 44° 25’ 6° 44’ 1030 
15 Fournel 44° 46’ 28.00’’ 6° 30’ 16.80’’ 1680 
16 Roche de Rame 44° 44’ 18.60’’ 6° 34’ 1120 
17 Agnel 44° 41’ 04.20’’ 6° 58’ 41.20’’ 2800 
18 Inverso Pinasca 44° 56’ 25.24’’ 7° 13’ 19.40’’ 560 
19 Cappella della Colletta du Cumiana 45° 00’ 23.46’’ 7° 21’ 33.17’’ 612 
20 Cappella della Colletta du Cumiana 45° 00’ 25.58’’ 7° 21’ 32.16’’ 605 
21 Baldissero Torinese 45° 04’ 22.23’’ 7° 48’ 09.22’’ 537 
22 Moncucco Torinese 45° 03’ 50.30’’ 7° 56’ 21.13’’ 315 
 
B. 
Number on 
Fig. 1 
Site Age and related reference N Latitude E Longitude Altitude 
(m) 
1 Gassino Torinese Bartonian – Priabonian (Festa et al., 
2011) 
45° 7’ 23.90’’ 7° 51’ 35.90’’ 267 
2 Saint-Lions Late Rupelian (Grosjean et al., 2012) 43° 58’ 58.90’’ 6° 23’ 42.70’’ 817 
3 Gambi (grey molase) Late Chattian (Grosjean et al., 2012) 44°01’ 59’’ 6° 22’ 33.20’’ 855 
4 Le Gourg Late Aquitanian (Zheng, 1990) 43° 46’ 56.03’’ 7° 10’ 22.22’’ 408 
5 Carros Aquitanian (Zheng, 1990) 43° 47’ 54.94’’ 7° 11’ 14.41’’ 315 
6 Tetti Civera 1 Aquitanian (Festa et al., 2011) 45° 03’ 59.60’’ 7° 47’ 28.10’’ 422 
7 Tetti Civera 2 Early Burdigalian (Festa et al., 2011) 45° 03’ 52.20’’ 7° 47’ 31.50’’ 423 
8 Tetti Civera 3 Middle Burdigalian (Festa et al., 
2011) 
45° 03’ 41.60’’ 7° 47’ 38.20’’ 431 
9 Rio Civera Late Burdigalian (Festa et al., 2011) 45° 03’ 41.60’’ 7° 47’ 38.20’’ 431 
10 La Rosée Late Burdigalian (Couëffé et al., 
2004) 
44° 08’ 51.00’’ 6° 00’ 56.00’’ 500 
11 Les Mées 1 (borehole) Burdigalian to Serravallian (Dubois 
and Curnelle, 1978) 
44° 01’ 01.07’’ 5° 59’ 14.30’’ Top well: 
730 
12 Châteauredon Early Langhian (Besson et al., 2005) 44° 00’ 53.00’’ 6° 12’ 48.00’’ 707 
13 Pavarolo Early Serravallian (Festa et al., 2011) 45° 03’ 55.70’’ 7° 49’ 40.50’’ 354 
14 La Motte d’Aigues Late Serravallian (Bessedik, 1985) 43° 41’ 17.30’’ 5° 31’ 45.20’’ 364 
15 Borelli Middle Tortonian (Festa et al., 2011) 45° 03’ 53.50’’ 7° 56’ 28.20’’ 285 
16 Vaugines Late Tortonian (Bessedik, 1985) 43° 46’ 55.98’’ 5° 24’ 37.38’’ 430 
17 Torre Sterpi Latest Messinian (Corselli and 
Grecchi, 1984) 
44° 48’ 14.90’’ 8° 53’ 37.05’’ 223 
18 Sioneri Latest Messinian (Bertini and 
Martinetto, 2008) 
44° 44’ 18.97’’ 7° 59’ 59.96’’ 225 
19 Saint-Martin du Var Early Zanclean (Zheng and Cravatte, 
1986) 
43° 49’ 13.83’’ 7° 11’ 39.47’’ 129 
20 Villeneuve Zanclean (Aguilar et al., 1982) 43° 54’ 01.90’’ 5° 51’ 45.40’’ 475 
21 Saint-Isidore Early Piacenzian (Zheng and Cravatte, 
1986) 
43° 42’ 29.52’’ 7° 11’ 23.96’’ 136 
22 Le Rochassas Piacenzian (Hippolyte et al., 2011) 44° 07’ 00.57’’ 6° 15’ 43.32’’ 820 
23 Les Mées (Périgoite) Ionian (Dubar, 1979) 43° 58’ 48.33’’ 5° 57’ 38.11’’ 522 
24 Oraison (Flour) Ionian (Dubar, 1979) 43° 50’ 13.30’’ 5. 52’ 23.00’’ 408 
 
 30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table 2. Rupelian pollen records from Tongres (Roche and Schuler, 1976) and 
Montauban used to estimate the Oligocene latitudinal temperature gradient. 
 TONGRES 
(8 cumulative samples) 
MONTAUBAN 
(1 sample) 
Pinaceae (Pinus, Abies, Cedrus, Cathaya) 3410  
Pinus  448 
Abies  5 
Picea  6 
Cathaya  24 
Taxodiaceae (Taxodium-type mostly) 97 76 
Ephedra 53 1 
Cupressaceae  11 
Mastixia (Cornaceae) 23  
Theaceae (Gordonia) 205  
Arecaceae 241 6 
Arecaceae (Calamus) 32  
Buxus bahamensis-type  1 
Dipterocarpus 8  
Cyrillaceae-Clethraceae 109  
Araliaceae 820  
Araliaceae (Acanthopanax-Brassaiopsis) 38  
Juglandaceae 37  
Engelhardia 350 1 
Platycarya 105  
Carya 67 2 
Ericaceae 95  
Acer 12  
Anacardiaceae 10  
Betulaceae 33  
Corylus 26  
Betula 35  
Carpinus 20  
Alnus 23 1 
Ilex 41 1 
Salix 49  
Olea 268  
Nyssa 20  
Eleagnaceae - Sapindaceae 37  
Hamamelidaceae 85  
Liquidambar 8  
Hamamelidaceae (Eustigma, Ostrearia, Trichocladus) 98  
Exbucklandia (Hamamelidaceae)  1 
Myrtaceae 21  
Convolvulaceae 19  
Quercus 103 2 
Castanea-type 75  
Tilia 12  
Ulmus  1 
Ulmus-Zelkova 57  
Myricaceae 285  
Rhamnaceae 19  
Diospyros 36  
Rubiaceae 10  
Mussaenda-type (Rubiaceae)  1 
cf. Randia (Rubiaceae)  1 
Sapotaceae 35  
Mimusops (Sapotaceae) 26  
Reevesia (Sterculiaceae) 15  
Clerodendron (Verbenaceae) 22  
Cissus 21  
Amaranthaceae-Chenopodiaceae 10 1 
Apiaceae 80  
Asteraceae Asteroideae  2 
Artemisia  2 
Asteraceae Cichorioideae  1 
Brassicaceae  1 
Euphorbia 51  
Thespesia (Malvaceae) 19  
Plantago  1 
Poaceae 58 1 
liliaceae 24  
Sparganium 488  
Aglaoreidia 212  
Restionaceae 318  
Oenotheraceae 22  
Alisma 19  
Nympheaceae ? 162  
Indeterminate pollen grains 455 4 
   
Mean annual temperature 17.5°C 19.6°C 
 
